EXERCISE-INDUCED ANGINA is usually caused by an imbalance between increased myocardial oxygen demand and blood supply to the myocardium because of fixed atheromatous coronary artery obstruction. Rarely, exertional angina may result from a transient decrease in coronary blood flow due to an increase in coronary vasomotor tone, producing spasm. 14 Verapamil is effective in preventing spontaneous attacks of angina at rest in patients with coronary artery spasm.6 In this report we present six patients with chest pain on exercise thought to be produced by coronary artery spasm. Verapamil prevented both chest pain and ST-segment elevation on effort. Two patients demonstrated a dose-response relationship.
Materials and Methods Patient Selection
Six patients with chest pain and ST-segment elevation on exercise, but without significant organic coronary obstruction (> 50% luminal diameter reduc-tion) at coronary arteriography, were selected for study. All patients had been referred for diagnostic cardiac catheterization because of recurrent chest pain present for an average of 23 months (range 2-108 months). Five men and one woman were studied, mean age 56 years (range 49-64 years). All had experienced chest pain on exertion, but the predominant symptom was angina at rest. Five had recurrent nocturnal chest pain that awoke them from sleep. At presentation, five of the patients were taking jblocking drugs, which had not reduced the frequency or severity of symptoms. The resting ECG was normal in five and showed left ventricular hypertrophy with ST-T-wave changes in one. No patient had a history of myocardial infarction.
Coronary Arteriography and Ergonovine Testing
Selective coronary arteriography was performed using either the Judkins or Sones technique. Left and right anterior oblique and angulated views were routinely obtained and the films were reviewed independently by two experienced angiographers. No patient showed obstruction of more than 50% in any coronary artery, but all showed 20-50% obstruction in one or more arteries. Coronary artery spasm was confirmed by ergonovine provocation in all patients, using incremental doses from 0.05 mg to 0.3 mg, as previously described.6 In two patients, ergonovine was given during angiography and spasm was visualized by repeat coronary injection. 6 The four other patients were given ergonovine after angiography and the resulting ischemia was inferred by transient ST-seg- 
Results
The results of the exercise stress tests are summarized in table 2. Baseline exercise tests provoked angina and ST-segment elevation during exercise in all patients. Repeat baseline exercise testing performed in five of the patients produced angina and ST-segment elevation, indicating ischemia was reproducible when the patients were not taking verapamil. In all patients, the ECG changes during exercise testing occurred in the same leads as in spontaneous or ergonovineinduced angina. Four patients underwent exercise thallium scanning and all had defects reversible at 4 hours. In two, EK and MG, the defects were in the left anterior descending (LAD) distribution and corresponded to the site of ST elevation produced by both exercise and ergonovine testing. In the other two, WC and EW, the reversible defects were apical and were associated with anterior and both anterior and inferior ST elevation, respectively. In patient EW, who had simultaneous ST elevation in two areas, injection of ergonovine during coronary angiography provoked right coronary artery (RCA) spasm, but the left coronary artery was not injected at the time, nor was a 12-lead ECG taken. When the RCA spasm was relieved by nitroglycerin, flow in the LAD was slow and limited to diastole, which suggested that LAD as well as RCA spasm may have occurred.
Patient EK performed supine straight-leg raising exercise during cardiac catheterization and developed angina during exercise, as had occurred during similar exercise on the previous day, when there were associated ST-segment changes (table 2) . Ergonovine was injected into the LAD immediately after exercise and revealed a 95% obstruction at the site of a previously observed 50% organic lesion, which remained after nitroglycerin administration ( fig. 1 ). In this patient, coronary artery spasm caused myocardial ischemia immediately after exercise. We felt that spasm had occurred during exercise, although for technical reasons the artery was injected only after exercise.
All patients underwent repeat exercise testing while on oral verapamil therapy (table 2) . Verapamil prevented angina in all six patients at higher levels of work, and ST-segment changes no longer occurred in tNumbers in parentheses refer to plasma verapamil concentration (ng/ml). tExercise during angiography produced left anterior descending coronary artery spasm ( fig. 1) . Abbreviations: V = verapamil; Wmax -maximal work capacity; HR = heart rate; SBP = systolic blood pressure; Max AST = maximum change in ST segment; t = elevation; l = depression; RD = reversible defect on thallium scan; TM = treadmill test; SLR 6' and 9' = supine straight-leg raising exercise for 6 and 9 minutes; 1, 2, 3 = lead 1, 2, 3; F = aVp; L = aVT,. In patients VG and AH, the verapamil plasma levels were measured and related to the exercise response. Figure 3 shows the relationship between plasma verapamil concentration, the magnitude of ST-segment elevation, and the maximum exercise level achieved in patient VG. Moderately severe angina, accompanied by 5 and 4.5 mm of ST-segment elevation (V1 ) at low work levels, occurred during the two baseline tests. At the lowest plasma level of verapamil (17 ng/ml), moderately severe angina was still experienced at a low work load, but less ST elevation (2.5 mm) was recorded. At a higher plasma level (25 ng/ml), he achieved a greater work load with slight angina and only 1.5 mm of ST elevation. At the highest plasma level (209 ng/ml), 1.5 hours after 160 mg of verapamil, no angina or ST elevation occurred at this patient's maximum work load ( fig. 2) . The relationship between verapamil plasma concentration and response for AH is shown in figure 4 . Plasma levels > 100 ng/ml consistently prevented ischemic changes during exercise. There appeared to be a variable response to verapamil therapy that was caused by diurnal variation in exercise-induced ischemia. Exercise performed in the morning shifted the doseresponse curve to the right compared with exercise performed in the afternoon. Verapamil plasma levels sufficient to prevent angina and ST-segment elevation in the afternoon did not prevent angina or ST-segment elevation in the morning.
Discussion
Angina of effort usually occurs when coronary blood flow through a narrowed artery cannot increase enough to meet the increased myocardial oxygen demand. None of oir patients had severe (> 50%) atheromatous obstruction at coronary angiography, and myocardial ischemia was thought to be due to a transient decrease in coronary blood flow during exercise. In patient EK, we observed reversible coronary vasospasm directly at arteriography after exercise, and we inferred it in the five other patients from chest pain, ST-segment elevation on the ECG or thallium FIGURE 2. Rest 
